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SUMMARY 


An  evaluation  tact  of  a  typical  transpiration  cooled  turbine  blade  was 
performed  on  tho  ccmbustion  chamber  sector  rig,  prior  to  engine  testing, 
in  order  to  evaluate  the  coolant  requirements  of  high  temperature  operation. 
A  total  of  one  hour  and  forty-five  minutes  at  gas  temperatures  of  2l.OO°F 
or  higher  was  accumulated  with  two  porou3  test  blade  assemblies  during 
this  combustor  sector  rig  testing.  Of  this  time,  the  blades  were  tested 
for  fifty-one  minutes  at  gas  tempo  rat  ures  of  2800°F.  The  results  ob¬ 
tained  .demonstrate  the  ability  of  the  blades  to  operate  in  an  environment 
of  turbine  inlet  .temperatures  of  25>00°F  and  higher. 

Cascade  tests  wore  conducted  to  determine  the  contamination  effects  of 
J?-li  exhaust  products  on  porous  blade  airfoils.  These  tests  revealed, 
after  fifty  hours  of  test,  that  no  significant  contamination  occurred  for 
a  porous  materiel  with  a^crmoability  of  K/t  ■  5  x  10"^  ft.  in  a  tempera¬ 
ture  environment  of  l600°F. 

Full  scale  engine  tests  of  transpiration  cooled  turbine  rotor  and  stater 
blados  wore  successful  up  to  avorago  turbine  inlet  temperatures  jus-; 
ur.drr  22CO°F.  Inability  to  complete  testing  up  to  2£00°F  was  the  result 
of  premature  and  unexpected  failure  of  an  engine  test  rig  component  which 
destroyed  tho  utility  of  tho  turbine  rotor  stage.  In  spite  of  the  test 
rig  railurc  the  excellent  condition  of  tho  transpiration  air  cooled 
ctator  blades,  which  had  been  subjected  to  temperature  peaks  estimated 
to  bo  between  2300°F  to  3S00°F,  and  inspection  of  the  undamaged  portions 
of  rotor  blades,  ir.d3.cato  that  operation  at  average  turbine  inlet 
temperatures  of  25CC°F  is  possiblo. 

Cooling  air  flow  to  tho  rotor  blades  was  as  prescribed  in  the  design 
(2500°F)  requirements  which  test  rosults  showed  was  more  than  sufficient 
as  ovorcooling  was  evident  on  some  areas  of  the  blades.  In  the  stator 
blado3  los3  than  h%  cooling  air  flow  was  used  in  the  tests  conducted, 
with  temperature  poaks  experienced  up  to  3000°F.  Based  on  those  results 
it  is  indicated  that  less  then  k%  cooling  air  may  be  required  for  opera¬ 
tion  at  an  avorago  of  2£00°F. 

With  tho  proscribed  cooling  air  flows  the  designed  maximum  skin  and  strut 
temporatures  of  1600°F  and  1200°F,  respectively,  were  not  exceeded  as 
indicated  by  material  conditions  observed  after  full  scale  engine  testing. 


I 


vii 


ztj  cn  tin  c  j  Ln  cn  c:u  □  t m  t  j  cn  i.j  lh  cm  m  m  r — i 


i 


i 


KSCCSCTDATIOra 


1.  Redesign  tur'cino  chroud  of  tost  vchiclo. 

2*  Rsvico  location  of  ccrtrprocoor  blood  air  for  stator  coolant  air 
flow. 

3.  Continue  tho  onji.no  t03t  program  to  demonstrate  operation  at 
2£00°F  average  turbino  inlot  temperature. 
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DISCUSSION 


A.  Transpiration  Cooled  Blade  Rig  Test 

An  evaluation  tost  of  a  typical  transpiration  cooled  turbine  blade 
was  performed  on  the  combustion  chamber  section  rig  in  order  to 
evaluate  the  coolant  demand  at  high  temperatures. 

A  transpiration  cooled  turbine  blade  was  installed  on  the  rig  with 
the  upstream  coolant  pressure  set  at  35  psi.  The  downstream  pres¬ 
sure  (static  pressure  of  gas  around  blade)  was,  in  this  test,  the 
ambient  pressure.  Headings  of  coolant  upstream  pressure  level 
and  volume  flow  were  taken  for  twenty-five  separate  points  of  A  p 
across  the  skin  varying  from  35  psi  to  zero.  The  coolant  was  ambient 
air  at  a  temperature  of  1|0°F.  Table  VI-I  develops  the  calculation 
of  the  actual  weight  flow  at  each  point. 

Figure  VI-I  shows  the  variation  of  the  average  effusion  rate  with 
across  tho  blade  wall .  This  average  wa3  obtained  by  dividing  the 
total  actual  weight  flow  to  the  blade  (lb/sec)  by  the  total  porous 
surface  area.  The  calculated  wall  temperature  for  the  new  blade 
skin  varies  between ?1350°F  and  1500°F  for  effusion  rate3  between 
.1  and  .3  lb/sec-ft  .  This  curve  is  convenient  for  rapid  deter¬ 
mination  of  the  upstream  coolant  pressure  levels  required  to  obtain 
a  given  effusion  rate. 

Wall  temperatures  wero  approximated  by  comparing  the  color  of  the 
blade  during  test  with  color  charts  for  alloy  steel.  The  values  of 
temperature  so  determined  compare  favorably  with  theoretical  cal¬ 
culation  runs  mndo  during  tho  heat  transfer  design.  For  example, 
tho  motel  color  at  point  17,  Table  VI-I,  corresponded  to  a  tempera- 
turo  of  1050°F  on  tho  color  chart.  At  this  point  the  average 
effusion  rato  was  .220  lb/sec-ft". -Table  YT-II.  This  rate  through 
a  porous  surfaco  at  k/t  “lx  10”iUfeot  and  .031  inches  thickness 
would  yield  temperatures  bo two on  1130°?  and  1550°F.  However,  the 
air  in  the  rig  test  was  at  least  350°F  cooler  than  it  would  co  in 
the  engine,  which  reaffirms  the  validity  of  the  1050°F  observed. 

Coolant  bleed  above  one  and  one  half  (1,5)  percent  in  the  plot  in 
Figure  VI-2  is  dotted  because  the  color  of  the  metal  surface  during 
test  was  not  noticeably  different  from  what  it  was  at  room  tempera¬ 
ture.  At  these  points  comparison  of  the  measured  effusion  rates  to 
theoretical  ratos  was  tho  only  means  of  determining  temperature. 

The  te3t  points  at  which  no  color  change  was  apparent  were. Nos.  1 
through  13.  Tho  pressure  difference  across  the  wall  was  maximum  at 
Point  1,  and  was  reduced  in  increments  of  two  (2  )  to  two  and  one 
half  (2.5)  pound  per  square  inch.  It  may  well  be  that  the  metal 
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temperature  drops  more  sharply  than  is  indicated  try  the  dotted  part 
of  the  curve  in  Figure  VI-2.  An  expeditious  way  of  determining  the 
metal  temperature  in  this  area  would  be  ty  installing  a  thermocouple 
in  the  strut .  Despite  the  fact  that  there  may  be  a  200  -  300°F  dif¬ 
ference  between  the  strut  and  skin  temperatures,  the  measured  strut 
temperatures  would  give  positive  indication  of  any  major  changes  in 
the  skin  temperature. 

Figure  VI-3  is  a  graphical  determination  of  the  exponent  "n"  in  the 
relationship,  /°V  a  -  P^  )n,  where  f'  V  is  the  effusion  rate 

(G)  mentioned  previously.  The  value  of  .389  obtained  is  reasonable 
as  compared  to  the  .623  value  suggested  by  the  manufacturers  of  the 
porous  material  ''Poroloy."  Figure  VI -U  is  a  drawing  of  the  test 
blade  assembly  and  Figures  VI-3  and  VI-6  are  photographs  of  two 
blade  assemblies  after  test. 
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B.  Porous  Blade  Contamination  Test 


Tests  were  conducted  on  transpiration  cooled  turbine  blades  to 
determine  the  contamination  of  JP-lt  exhaust  produces  on  the  porous 
blade  airfoil.  These  tests  were  performed  on  a  small-scale  burner 
rig  simulating  engine  conditions  as  closely  as  possible  with  the 
exception  of  rotation, 

A  total  of  sixty-one  hours  of  testing  was  conducted  with  fifty  hcrur3 
of  endurance  tosting  at  1600°P  on  one  blade  with  no  cooling  air  being 
passed  through  the  porous  airfoil.  Flow  checks  ware  made  cn  the 
blade  at  tho  beginning  of  the  test  and  at  intervals  of  ten  hours  of 
running  or  loss.  Initially  flow  checks  were  made  at  smaller  intervals 
of  timo,  but  changes  in  flow  rate  due  to  any  contamination,  if  any, 
that  the  oquipmont  utilizod  to  measure  flow  could  not  detect  any 
changos.  Even  tho  flow  chocks  measured  at  the  larger  intervals  of 
tost  timo,  normally  ten  hours,  indicated  only  slight  decreases  which 
wore  quite  cloco  to  the  limits  of  accuracy  of  the  recording  instru¬ 
ments. 

Results  of  tho  data  obtained  are  plotted  cn  Figure  VI -7.  As  can  be 
coon  on  Figuro  VT-7(a),  the  loss  in  pressure  drop  through  the  porous 
skin  was  approximately  2,8  inches  of  water,  after  fifty  hours  of 
test,  which  is  considorod  negligible.  Design  of  the  metering  ori¬ 
fices  for  a  transpiration  coolod  turbine  blade  canr.ot  be  hold  to 
this  accuracy.  Tho  loss  in  air  flow  resulting  from  what  contamir.a- 
tiort  did  occur  in  tho  fifty  hours  is  plotted  on  Figure  VI -7(b). 

Tho  loss  in  flow  indicated  i3  such  a  minute  quantity  that  it  can  be 
noglcctod  as  variations  in  tho  pormoability  of  porcus  material  traa 
production  run3  would  rosult  in  greater  flow  rates  changes  from 
pioco  to  piece. 

The  results  obtained  in  testing  porous  airfoils  in  the  exhaust 
products  of  JP-lt  fuel,  at  l600~F  for  "Poroloy"  material  with  a 
pormoability  of  K/t  *  $  x  10"10  feet,  it  appears  that  contamination 
of  the  transpiration  air-cooled  porous  airfoil  is  negligible. 
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C,  Full  Scale  Engine  Test 

Testing  of  the  transpiration  air  cooled  turbine  stator  and  rotor 
blades  was  directed  toward  demonstrating  the  feasibility  of  trans¬ 
piration  air  cooled  turbine  blades  at  an  elevated  turbine  inlet 
temperature  averaging  2$00°F» 
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1,  Ccmoressor  Calibration 


Prior  to  testing  the  transpiration  cooled  turbine  a  calibration 
of  the  modified  compressor  was  necessary  to  ascertain  that  it 
would  match  the  rodocignod  turbine.  The  standard  J-65  two  stage 
solid  blade  turbine  was  used  to  conduct  this  te3t.  Although, 
this  combination  of  the  standard  turbine  combined  with  the  modi¬ 
fied  compressor  vero  not  matchod  to  each  other,  they  were  close 
enough  to  satisfactorily  chock  out  the  compressor.  Initial 
tooting  indicatod  that  the  compressor  weight  flow  was  too  high. 
Adjustment  of  tho  variablo  inlet  guide  vanes,  incorporated  into 
tho  compressor,  corroctcd  tho  woight  flow  and  gave  the  ccr-.pros- 
sion  ratio  designed  to  match  the  now  2£00°F  turbine. 
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Tho  only  difficulty  encountered  in  the  compressor  checkout  tests 
was  that  the  normal  shaft  critical  3peed  that  exists  at  6000  rjn 
was  moved  up  closor  to  tho  design  speed.  In  order  to  provido  a 
greater  range  of  epced  operation  near  tho  now  design  point, 
weight-  was  added  to  tho  compressor  to  lower  tho  critical  speed 
back  to  approximately  6000  rpm. 
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Instrumentation  of  tho  first  two  compressor  stages  wa3  made  to 
obtain  vibratory  stress  levels  on  tho  blados  during  to3t.  Stress 
levels  recorded  during  thoca  toots  woro  well  below  tho  allowable 
lovclo,  end  thoro  woro  no  indications  of  stall  or  surgo  in  tho 
rango  of  operation  entioipatod  for  2500°F  turbine  inlot  tempora- 
turo  operation. 
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2*  Transpiration  Cooled  Turbina  31ad3  Testing 

Testing  of  tho  transpiration  air  coolod  turbine  rotor  assembly, 
shown  in  Figuro  VI*>8,(and  tho  transpiration  oooloi  turbino  stator 
blades) consisted  of  tho  program  listed  in  Table  VI -III, 

Tho  initial  tecto  woro  oonduotod  to  chock  cooling  air  flows, 
temporaturo  distribution  in  tho  combustion  chamber,  ar.d  general 
toot  rig  operation  ct  rclativoly  low  turbino  inlot  temperatures 
Diffioultioo  woro  onaountorod  with  blados  fabricated  with  tho 
LLgimosh  porous  airfoil  matorial.  Upon  attaining  a  little  above 
dosign  epood  ono  of  tho  Rigimosh  airfoils  separated  from  the 


$ 


C13  c_:j  c  j  u  c  j  c_3  l  j  r  j  i  j  i  3  n  c_)  c.j  lj  cm  cm 


n 


% 


blade  supporting  strut.  Inspection  of  the  blade  revealed  that 
poor  brazing  existed  on  the  porous  material  due  to  oxide  films 
in  the  porous  material  fibers.  Replacement  of  the  blade  was 
made  and  further  testing  was  carried  on.  In  the  next  series  of 
tests  conducted  loss  of  another  Rigimesh  porous  airfoil  occurred 
just  above  80#  speed  (60$0  rpm).  Figures  VI-9  and  VI -10  shows 
the  blade  with  the  missing' airfoil,  and  the  minor  resulting 
secondary  damage  to  the  remaining  rotor  blades.  Mo  damage  was 
incurred  to  the  transpiration  cooled  stator  blades  or  any  ether 
engine  component.  Inspection  of  this  blade  also  revealed  poor 
bonding  of  the  braze  to  the  Rigimesh  porous  material,  due  to 
oxide  films.  It  was  decided  at  this  time  to  replace  all  the 
blades  made  from  Rigimesh  material,  approximately  50^  of  the 
wheel,  with  blades  made  from  Poroloy  material. 

During  this  initial  testing  it  was  also  noted  that  the  turbine 
rotor  shroud  was  distorted.  The  cause  of  this  was  believed  to 
bo  that  the  fabricating  vendor  had  not  properly  stress  relieved 
the  part  after  welding.  As  a  result  of  this  distortion  higher 
tip  clearances  existed. 

In  the  next  series  of  tests  with  higher  turbine  inlet  tempera¬ 
tures,  ranging  from  185>0°F  to  2000°?,  the  loss  of  another  air¬ 
foil  occurred.  This  blade  was  replaced  and  testing  was  continued 
to  design  speed,  7uc0  rpm,  with  a  turbine  inlet  temperature 
average  of  ~210Q°F  or  above.  This  point  was  set  the  next  day  and 
shortly  after  stabilizing,  an  increase  in  vibration  was  indicated 
along  with  a  surge  in  exhaust  gas  temperatures.  Inspection  of 
the  engine  after  shutdown  showed  that  the  stator  blades  were 
burned  at  six  points,  and  had  seriously  damaged  all  the  rotor 
blades.  Figures  VI -11  and  VI-12  show  the  transpiration  cooled 
turbine  stator  assembly.  It  can  be  seen  on  these  photographs 
that  there  are  six  definite  burned  areas  resulting  from  combus¬ 
tion  chamber  "hot  spots".  It  also  can  be  noticed  on  Figure  VI-11 
the  four  double  cooling  air  lines  supplying  the  exhaust  duct 
cooling  air.  These  four  bleed  air  lines  tie  in  directly  to  the 
location  of  four  of  the  "hot  spots".  The  ether  two  "hot  spots" 
are  also  directly  in  line  with  the  two  bleed  points  for  stator 
blade  cooling  air.  It  is  quite  apparent  that  these  cooling  air 
bleed  stations  created  the  six  torching  areas  in  the  combustion 
chamber,  and  starved  the  secondary  air  liner  cooling  supply  in 
these  areas. 

Further  investigation  also  revealed  that  the  stator  air  cooling 
supply  was  not  up  to  design  requirements,  as  can  be  seen  on 
Figure  VI-2l;a.  Unfortunately  late  delivery  of  the  stator  air 
pressure  boost  pump  did  not  permit  a  verification  test  of  the 
vendor  calibration  results,  and  the  pump  was  used  directly. 
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As  a  result  of  the  torching  condition  in  the  combustion  chamber 
and  the  burning  through  of  the  stator  blades  the  rotor  assembly 
was  damaged  beyond  repair.  Figures  VI-13  and  VI-lii  show  the 
damaged  incurred  on  the  turbine  rotor  assembly. 

A  close-up  view  of  the  burned  stators  is  shown  in  Figure  VT -15. 
Figure  VI -16  shows  the  typical  secondary  damage  done  to  the 
remaining  stator  and  rotor  blades.  It  can  be  noted  that  the 
condition  of  the  blades  in  the  areas  undamaged  by  secondary  effects 
is  quite  good. 

Closer  observation  of  the  blades  revealed  that  excessive  cooling 
was  occurring  on  the  suction  side  of  both  the  rotor  and  stator 
blades.  In  the  theoretical  heat  transfer  analysis  discussed  in 
Section  I,  Volume  I  of  the  report  the  pressure  distribution  around 
the  blade  periphery  was  determined  by  the  use  of  an  analog. 

However,  due  to  the  fact  that  this  was  an  entirely  new  turbine 
design  only  one  section,  the  mean  section  of  the  blades,  was 
analyzed  in  this  manner  for  chordwise  pressure  distribution.  As 
tho  spanwise  pressure  profile  was  assumed  to  obtain  the  chord- 
wise  pressure  distribution  without  any  background  on  this 
particular  turbine  it  was  felt  that  the  accuracy  of  any  pressure 
profile  determined  by  the  analog  method  would  be  highly  ques¬ 
tionable  at  any  other  section  than  the  mean. 

In  order  to  improve  the  cooling  air  distribution  on  the  blades 
.it  was  felt  that  masking  of  the  blade  was  necessary  in  the  areas 
that  appeared  to  be  receiving  more  than  the  required  amounts  of 
cooling  air.  The  method  evolved  to  mask  these  cooler  areas  was 
by  utilizing  a  metal  spray  technique  generally  known  in  industry 
as  "metalizing".  By  this  metalizing  technique  it  was  possible 
to  mask  the  desired  areas  and  distribute  cooling  air  to  the 
hotter  portions  of  the  blade.  Laboratory  checks  of  these 
r.etalized  areas  showed  that  the  areas  were  still  somewThat  porous. 
Again  time  did  not  permit  a  detailed  study,  but  an  investigation 
in  the  future  would  be  of  value  to  possibly  use  this  method  to 
obtain  variable  permeability  over  the  blade  airfoil  surface  area. 
Figure  VI -17  shows  a  stator  blade  that  has  been  metalized  on  the 
suction  side  at  the  root  of  the  airfoil. 

In  order  to  conduct  further  testing  it  was  necessary  to  use  the 
'Rigimosh'  rotor  blades.  As  discussed  previously  all  of  these 
blades  had  been  removed  from  the  rotor  assembly  as  the  bond  to 
the  porous  airfoil  was  questionable  due  to  the  dirtiness  of  the 
porous  material.  Plug  welding  of  the  porous  airfoil  skin  to  the 
blade  strut  was  attempted  as  a  means  of  salvaging  these  blades, 
as  shown  in  Figure  VI-18,  It  can  be  seen  in  this  figure  that 
the  plug  welding  created  dimples  in  the  airfoil  surface  that 
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would  disturb  tho  turbine  aerodynamics.  However,  it  was  felt 
at  this  time  that  this  was  the  only  way  further  testing  could  be 
conducted.  Although  engine  performance  would  suffer,  the  objec¬ 
tive  of  demonstrating  the  feasibility  of  transpiration  cooled 
turbine  blades  at  elevated  turbine  inlet  temperatures  could 
still  be  attained.  Me tali zing  at  the  root  section  on  the  suction 
side  of  the  rotor  blade  was  also  done  to  improve  cooling  air 
distribution,  and  is  also  shown  in  Fig^ire  VI-18. 

Anothor  modification  made  was  to  utilize  external  cooling  air 
for  the  stator  blades  and  exhaust  duct  to  eliminate  the  uneven 
mass  flow  through  the  combustion  chamber,  basically  the  six 
extremely  "hot  spots"  which  caused  the  failure  of  the  stator 
blades.  This  could  have  been  corrected  by  modifying  the  method 
of  bleeding  this  cooling  air;  but  again,  time  did  not  allow  the 
incorporation  of  the  necessary  modifications  for  better  distri¬ 
bution  of  cooling  air  bleed.  The  source  of  external  cooling  air 
bleed  was  portable  600  EM  constant  displacement  compressors. 

Tho  engine  test  program  wa3  terminated  because  as  the  rated  speed 
point  was  being  set  at  approximately  2200°F  turbine  inlet  tempera¬ 
ture,  engine  surge  was  noted,  indicating  an  engine  component  had 
failed.  Inspection  of  the  engine,  after  shut-down,  showed  the 
turbine  rotor  shroud  had  broken  loose  from  the  engine  casing,  and 
it  was  resting  (wrapped  around)  the  turbine  rotor  stage.  The 
turbine  blade  tip  areas  showed  signs  of  severe  tip  rub.  The 
airfoil  skin3  of  two  turbine  rotor  blades  were  completely  torn 
loose,  and  damage  was  noted  on  the  remaining  airfoils.  An 
analysis  of  the  damaged  rotor.  Figure  VI-1S1,  shows  that  the  blades 
were  running  relatively  cool,  and  discounting  the  secondary 
damage,  were  in  excellent  condition  considering  the  severe  con¬ 
ditions  encountered.  Figure  "71-20  shows  the  turbine  shroud, 
after  it  was  removed  (unwrapped)  ftom  the  rotor  stage.  Analysis 
of  the  part  indicated  failure  was  caused  by,  primarily,  faulty 
welding  of  the  shroud.  While  this  was  the  immediate  cause  of  the 
failure,  the  extreme  distortion  of  the  shroud  noted  in  previous 
running  leads  to  the  belief  that  the  true  cause  of  failure  was 
the  improper  heat  treatment  of  the  shroud.  As  the  temperature 
level  of  tho  engine  was  increased,  the  distortion  increased,  until 
finally  the  attaching  lugs  failed,  loosening  the  shroud  from  the 
engine  casing. 

Inspection  also  revealed  that  the  condition  of  the  transpiration 
cooled  stator  blades  after  these  tests  wa3  excellent,  and  they 
only  suffered  minor  secondary  dsmage  as  can  be  seen  in  Figure  VI-21. 
The  effectiveness  of  the  masking  of  the  blades  at  the  root  section 
on  the  suction  side  was  definitely  proven  by  the  condition  of  the 
blades  by  the  apparent  change  in  cooling  air  flow  to  the  more 
critical  areas  of  the  blade  airfoil  surfaces. 
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Analysis  of  data  obtained  during  the  testing  of  the  transpiration 
cooled  turbine  blades  show  that  the  average  turbine  inlet 
temperatures  attained  were  over  2100°F  as  shown  on  Figure  71-22, 
along  with  the  exhaust  gas  temperatures  recorded.  Tests  were 
also  conducted  without  a  variable  area  nozzle  and  the  turbine 
inlet  and  exhaust  gas  temperatures  obtained  during  these  runs  are 
plotted  on  Figure  71-23.  The  basic  purpose  of  the  test  with  a 
wide  open  exhaust  duct  was  to  check  out  basic  engine  test  rig 
operation. 

The  total  test  time  accumulated  was  11  hours  and  b7  minutes  of 
which  one  hour  was  above  1000°F  and  tdiirty-five  minutes  were 
between  2000°F  and  2200°F. 

The  cooling  air  flows  to  the  rotor  and  3tator  blades  are  plotted 
on  Figure  VI-2lu  As  can  be  seen  on  Figure  VI-2Ua  the  stator 
cooling  air  supplied  through  the  boost  compression  is  below  the 
required  design  coolant  flow  of  h%»  Also  in  this  figure  is  the 
quantity  of  external  coolant  air  flow  used  in  the  latter  tests 
after  discontinuation  of  engine  bleed  air.  Figure  7I-2lib  shows 
the  rotor  blade  cooling  air  flow.  As  can  be  seen  the  quantity 
of  air  flowing  to  the  rotor  blades  wan  very  close  to  the  pre¬ 
scribed  design  cooling  air  flow  to  the  rotor  blades.  Although 
the  external  cooling  air  flow  to  the  stator  blade  was  not  to 
the  percentage  design  requirements  the  difference  is  made  up  by 
the  fact  that  the  external  cooling  air  is  at  a  much  lower  tempera¬ 
ture  as  shown  on  Figure  VI-25.  Figure  VI-25  al'so  shows  the 
temperature  of  all  the  various  air  temperatures  in  the  engine 
test  rig.  It  con  be  seen  that  the  temperature  rise  of  the  stator 
cooling  air  is  greater  than  the  rotor  cooling  air  due  to  work 
performed  by  the  boost  compressor  in  increasing  pressure. 

The  compressor  weight  flow  obtained  during  the  transpiration 
cooled  turbine  blade  testing  is  shown  in  Figure  VT-26.  As 
discussed  previously  the  compressor  was  tuned  to  natch  the 
transpiration  cooled  turbine  design,  and  apparently  came  quite, 
close  from  the  limited  data  obtained.  Unfortunately,  loss  of 
instrumentation  during  testing  limited  the  amount  of  engine 
performance  data  sufficiently  so  that  a  thorough  engine  per¬ 
formance  analysis  could  not  be  made.  Also  the  fact  that  the 
excessive  tip  clearances,  created  by  the  turbine  shroud  distor¬ 
tion,  that  occurred  in  the  early  phases  of  testing  would  give 
results  unfavorable  to  overall  engine  test  rig  performance. 

Figure  VI -27  does  show  some  of  the  basic  engine  data  obtained 
during  these  tests. 
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Inspection  of  the  hot  section  conponents  of  the  test  vehicle 
at  the  conclusion  of  the  test  program  revealed  that  except  for 
the  turbine  shroud,  all  parts  were  in  excellent  condition.  In 
particular,  the  combustion  chamber  showed  only  slight  metal 
discoloration  in  spite  of  the  3000°F  peak  temperatures  that  must 
have  existed  during  the  first  2200°F  test  point. 

The  most  significant  metal  temperature  measurements  were  obtained 
by  painting  the  pertinent  areas  with  Thermocolor  temperature 
indicating  paints.  Temperature  measurements  made  by  this  tech¬ 
nique  showed  the  combustion  chamber  inner  and  outer  liners  did 
not  exceed  1200°F;  the  stator  supports,  and  stator  blade  airfoil 
root  and  tip  areas  did  not  exceed  82i;0F;  and  the  turbine  rotor 
blade  airfoils  root  sections  did  not  exceed  82u  F.  These 
measurements  vere  noted  at  the  2200°F  average  turbine  inlet 
temperature  test  points. 

Overall  operation  of  the  engine  test  vehicle  was  exceptionally 
smooth.  In  particular,  the  transpiration  air  cooled  turbine 
configuration  started  and  accelerated  very  smoothly.  Maximum 
exhaust  gas  temperatures,  on  starting,  did  not  exceed  950°F 
with  the  open  exhaust  duct  configuration;  and  did  not  exceed 
13^0°?  with  the  variable  area  nozzle  configuration.  Response 
of  the  engine  to  changes  in  settings  (RPM  and  turbine  inlet 
temperature)  was  good  and  no  instabilities  were  noted  up  to  the 
2200°F  test  point. 
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Tc.bIo  VI -I Tabulation  of  Coolant  Flow  Paramo toro  -  Open  Tipped 
Toot  Binds,  ^sro  *.07-^62  ^  'f  Tier  *  Eoo’ff 


Coolant 

Pressure 

(12*)  R 

'W, a>  H 

f2 

(^) 

2  2 
s-V 

(^4) 

rf-Ti" 

(U*; 

Effusion 

Rate 

«  /_  LBS  > 

%  Bleed 
(BAaro  0 w 

.7-65 

pafamctc*. 

•  Ol5  .  _ 

'  \6ec,rr^ 

698U 

li8,776,256 

UU, 997, 120 

25,712 

.770 

3.51 

662U 

13,877,376 

U0,098,2U0 

22,913 

.73 

3.33 

626k 

39,237,696 

35,U53,560 

20,262 

.685 

3.12 

5832 

3U,012,22U 

30,233,088 

17,276 

.6U1 

2.92 

55UU 

30,735,936 

26,956,800 

15.U0U 

.608 

2.77 

5112 

26.132.5UU 

22,353,U08 

12,773 

.563 

2.56 

U821* 

23,270,976 

19,U91,8UO 

11,138 

.53 

2.U1 

1536 

20,575,296 

16,796,160 

9,598 

.U92 

2.2U 

U392 

19.289.66U 

15,510,528 

8,863 

.U66 

2.13 

UlOli 

16.8U2.816 

13,063,680 

7.U65 

.U36 

1.99 

3960 

15,681,600 

11,902, U6U 

6,801 

.376 

1.71 

3672 

13,U83,58U 

9,70U,UU8’ 

5,5U5 

.3UU 

rai 

3523 

12,UU6,78U 

8,667,6U8 

U,953 

.323 

338U 

11.U51.U56 

7,672,320 

U.38U 

.299 

H 

32UO 

| 

3,839 

.262 

1.20 

302U 

9,1UU,576 

5,365, UUo 

3,066 

.239 

1.09 

2330 

8.29U.UOO 

U.515.26U 

2,580 

.220 

1.00 

2Co8 

7,08U,86U 

U, 105, 728 

2,3U6 

.200 

.91 

266U 

7,096,696 

3,317,760 

1,896 

.183 

.83 

2520 

6,350,U00 

2,57l,26U 

1.U69 

.16U 

.7U5 

2UU8 

5.992.70U 

2.213,568 

1,265 

.121 

.55 

230U 

5.3Q8.U16 

1.529.280 

87U_ 

_ *105 

.U8 

1  pn ||  | 

U.981.82U 

1,202,688 

687 

.092 

.U2 

2080 

U.359.7UU 

580,608 

332 

.062 

.28 

Tablo  TZ*H  Tabulation  of  Calculated  Data  fer  Plotting  Figure  VI -3 
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Cooled  Turbine  Blade  Engine  Test 


n  Type  Test 

Conditions 

Remarks 

'~J  1.  Compressor  Calibration 

a.  3000  RPM 

Compressor  weight  flow  too 

b.  liOOO  RPM 

high.  Reset  variable  inlet 

n 

c.  £000  RPM 

guide  vanes  to  obtain  reduced 

i u 

d.  6000  RPM 

e.  7000  RPM 

flow. 

f.  7U60  RPM  (Design  RPM) 

j  J 

2.  Compressor  Calibration 

a.  Same  as  (1) 

Compressor  weight  flow  still 

'  n 

LJ  3.  Compressor  Calibration 

too  high. 

a.  Same  as  (1) 

Compressor  weight  flow  and 
pressure  ratio  tuned  to  pre¬ 

r~i 

dicted  match  point  for  cooled 

i  J 

| 

turbine. 

1*.  Transpiration  Cooled  Turbine 

a.  Starting 

b.  2£00  RPM 

Engine  started  cool. 

c.  31*20  RPM 

d.  1000  RPM 

Inspected  blades  on  stand. 

3 

Good  Condition. 

£,  Transpiration  Cooled  Turbine 

a.  Start 

Normal  cool  start. 

i  H 

b.  1000  RPM 

i 

c.  Acceleration 

Noticed  spark  in  exhaust. 
Found  Rigimesh  turbine  blade 

1 

n 

j  j  I 

airfoil  missing.  All  other 

blade  all  right.  Replaced 

u 

with  Poroloy  blade. 

6.  Transpiration  Cooled  Turbine 

a.  Start 

Normal  cool  start. 

lj 

b.  LOOO  RPM 

c.  6073  RPM 

Inspected  blades  on  stand. 

n 

Good  Condition. 

1  u 

d.  60£0  RPM 

Check  point.  Vibration  in¬ 
creased.  Shut  down.  Rigimesh 

airfoil  starting  to  come  off. 
Removed  all  Rigimesh  blades 
and  installed  all  Poroloy 
blades.  Found  shroud  dis¬ 
torting. 
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Tyne  Test 


Conditions 


Remarks 


c 


r 


I  r 

7. 

Transpiration  Cooled  Turbine 

a.  Start 

Normal  cool  start. 

b.  1:000  RPM 

L 

c.  6000  RPM 

Inspect  blades.  Good  condition. 

d.  6550  RPM 

Inspect  blade.  Good  condition. 

| 

e.  6820  RPM 

Inspect  blades.  Good  condition. 

J 

1850°F  turbine  inlet  tempera¬ 

) 

ture.  Install  cooling  water 

n 

.  *  l 

spray  on  exhaust. 

u 

8. 

Transpiration  Cooled  Turbine 

a.  Start 

Normal  cool  start. 

b.  lOCO  RPM 

o 

c.  7050  RPM 

1975  F  turbine  inlet  tempera¬ 

u 

ture.  Vibration  up  after  few 

i 

minutes.  Inspected  blades. 

f  ) 

Found  airfoil  missing  and  three 

J 

others  damaged. 

n9«  Transpiration  Cooled  Turbine 

J 

n 


a.  Start 

b.  1:000  RPM 

c.  71:60  RPM 


Normal  cool  start. 

Design  speed.  Turbine  inlet 
temperature  above  2100°?. 
Developed  oil  leak.  Inspected 
blades.  Good  condition. 


H.0.  Transpiration  Cooled  Turbine 

UJ 

n 

J 

n 

w.1.  Transpiration  Cooled  Turbine 

|  n 

UJ 


a.  Start 

b.  7160  RPM 


a.  Start 

b.  1000  RPM 

c.  6500  RPM 

d.  7700  RPM 


n 

2.  Transpiration  Cooled  Turbine 


I  n 

lJ 


a.  Start 

b.  1:000  RPM 

c.  6000  RPM 

d.  7000  RPM 

e.  Acceleration 


o 


u 


'otal  testing  time: 


11  hours  and  17  minutes 


Normal. 

Vibration  increased  shortly 
after  setting  speed.  Inspected 
blades  and  found  stators 
burned  through  at  six  (6)  hot 
spots  damaging  rotors.  Replaced 
all  stator  and  rotor  blades. 

Normal. 

Inspected  blades.  Good  condition 
Overspeed  condition.  Inspected 
blade.  Good  condition. 

Normal. 

Inspected  blades.  Good  condition 

E.G.T.  surged.  Shut  down. 
Inspected  blades.  Found  turbine 
shroud  failure  at  weld.  Damaging 
rotor  blades  beyond  repair.  End 
of  test. 
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FIGJEMTRANSPIRATION  AIR  COOLED  BLADE  TEST  ASSEMBLY 
FOR  EVALUATION  IN  COMBUSTION  CHAMBER  SECTOR  RIG 
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TRANSPIRATION  COOLED  TURBINE  BLADE 
CONTAMINATION  TEST 


TRANSPIRATION  COOLED  TURBINE  ROTOR  ASSEMBLY 


c 


a 


23 


TRAMSPIRATI  ON  COOLED  TURBIVS  ROTOR  ASSAULT 
SHOVING  BLADE  WITH  MISSIHO  AIRFOIL  AFTER  TEST  (FRONT) 


TRANSPIRATION  COOLED  TURBINE  ROTOR  ASSEMBLY 
SHOWINO  BLADE  WITH  MISSING  AIRFOIL  AFTER  TEST  (REAR) 

Ficure  VI-10 


TRANSPIRATION  COOLED  STATOR  BLADE  ASSEMBLY 
ER  COMBUSTION  CHAMBER  TORCHINO  CONDITION  (REAR) 


Figure  VI-11 
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TRANSPIRATION  COOLED  TURBINE  ROTOR  ASSEMBLY 
SHOWING  DAMAGES  RESULTING  FROM  BURNED  STATOR  (FRONT) 


Figure  VI -Hi 


TRANSPIRATION  COOLED  STATOR  ELATE 
FAILED  BI  COMBUSTION  CHAMBER  T0RCHIN3  AND  COQLUJO  AIR  STARVATION 

Figure  VI-15 
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TRANSPIRATION  COOLED  TURBINE  BLADES 
SECONDARY  DAMAGE  FROM  BURNED  STATOR  BLADE 

Figure  VI-16 
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TRANSPIRATION  COOLED  STATOR  BLADE 
METALIZED  ON  THE  SUCTION  SIDE  AT  THE  ROOT 

Figure  VI-17 

( —  I 
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TRANSPIRATION  COOLED  ROTOR  BLADE 
PLUG  WELDED  AIRFOIL  AND  METALIZED  ROOT 

Figure  VI-18 
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Corrected  RPM  -  N/  {&" 
Figure  VI-25 
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Figure  VI-26 


